xylose/galactose/fucose, 4:3:1:1) and a heptasaccharide (glucose/xylose, 4:3), which appeared to be distributed at random, but primarily in alternating sequence. The xyloglucan:cellulose complex was examined by light microscopy using iodine staining, by radioautography after labeling with PHlfucose, by fluorescence microscopy using a fluorescein-lectin (fucose-binding) as probe, and by electron microscopy after shadowing. The techniques all demonstrated that the macromolecule was present in files of cell shapes, referred to here as cell-wall 'ghosts,' in which xyloglucan was localized both on and between the cellulose microfibrils. Since the average chain length of pea xyloglucan was many times the diameter ofcellulose microfibrils, it could introduce cross-links by binding to adjacent fibrils and thereby contribute rigidity to the wall.
Xyloglucans occur widely in the primary walls of higher plant cells, where it has been proposed that they are bound in close association with cellulose microfibrils as part of thebasic wall structure (1) . These hemicelluloses all possess a 1,4-fl-glucan backbone with 1,6-a-xylosyl residues attached to the 6-position of ,B-glucosyl residues. Species-specific differences occur as to the distribution of additional branching fucosyl-galactosyl residues (3, 5, 13, 20, 21) . Nothing is known about the function of the branching sugars nor has evidence been published to date that xyloglucan and cellulose do in fact co-exist in vitro bound together in a macromolecular complex. The metabolism ofthese two major primary wall components is undoubtedly regulated by different processes, since xyloglucan is subject to turnover during growth (24) and different enzyme systems are probably required for synthesis of their 1 ,4-f-linkages (15, 16) . This paper describes a xyloglucan:cellulose complex which is visualized as cell-wall 'ghosts' isolated from growing pea tissues, using tech- ' niques based on the structural characterization of pea xyloglucan by fragmentation analysis and fucose-or galactose-binding lectins as probes.
Pea epicotyl tissue has been used because of the physiological studies with peas (10, 24, 25, 36) that provided evidence for xyloglucan turnover during growth, particularly after treatment with the auxin type of hormone. Such treatment also induces the development of endo-1,4-t-glucanase activities in peas (40) , and these may be responsible for the observed xyloglucan turnover. The phenomenon could contribute to the hormone-evoked 'loosening' of the wall which is believed to be required during growth. Part II of this series deals with the capacity of pea endo-1,4-fl-glucanases to hydrolyze pea xyloglucan.
MATERIALS AND METHODS
Materials. L-[1-3HJFucose (1.8 Ci/mmol), NaBT4 (250 mCi/ mmol), and Aquasol were obtained from New England Nuclear. DEAE-Sephadex, Sepharose CL-6B, Sephadex G-50, and polysaccharide mol wt markers (blue dextran, dextrans T-500, T-70, T40, and T-10) were obtained from Pharmacia. Bio-Gel P-6 (-400 mesh), Bio-Gel P4 (200-400 mesh), and Bio-Gel P-2 (200-400 mesh) were from Bio-Rad. Lectins from Ulex europeus, Lotus tetragonolobus, and Ricinus communes were obtained from Miles Laboratories; Pisum sativum lectin was from Calbiochem, and concanavalin A, microcrystalline cellulose, and citrus pectin were from Sigma. Fucose-binding lectin was prepared (35) from eel serum (Waldman's Fish Co., Montreal). Fluorescein isothiocyanate was from Aldrich, and lonagar was from Oxoid. NTB-2 emulsion, D-19 developer, and fixer were from Kodak. Arabinan and larch arabinogalactan were from Koch-Light, laminarin (5,300 mol wt) was from Nutritional Biochemicals, and carboxymethylcellulose (7LP and 7HSP) was from Hercules. Laminarioligosaccharides and cello-oligosaccharides came from the laboratory collection. Xyloglucan-derived nonasaccharide (glucose/ xylose/galactose/fucose, 4:3:1:1) and heptasaccharide (glucose/ xylose, 4:3) were obtained from soybean xyloglucan as described earlier (15) .
Preparations. In order to prepare fluorescein-labeled fucosebinding lectin, carbonate-bicarbonate buffer (100 1l, 0.1 M, pH 9.0) containing 0.1 mg of fluorescein isothiocyanate was added to 0.5 ml of U. europeus lectin (4 mg) at 4C, and the mixture was adjusted to pH 9.0 with 0.1 N NaOH (17) . Reaction was at room temperature for 1 h with stirring. After incubation, the mixture was dialyzed against five changes of 50 mm phosphatebuffered saline (pH 7.0) and applied to a Sephadex G-50 column (1.5 x 20 cm), previously equilibrated with the saline (pH 7.0). Fractions (2.0 ml) were collected and A at 280 and 490 nm was measured. Fractions corresponding to peaks at both wavelengths were pooled and stored at 4C after adding NaN3 to a final concentration of 0.02%. ase, 3-xylanase etc.). Aspergillus oryzae glycosidase preparation and amyloid xyloglucan from Tamarindus indica were kindly provided by Dr. K. Matsuda (Tohoku University, Sendai, Japan). Aspergillus glycosidase activity was partially purified using salicin as a substrate by fractionation through DEAE-Sephadex A-50 in order to remove carbohydrate impurities (20) . This enzyme contained various polysaccharide hydrolases and glycosidases which degraded soybean xyloglucan into monosaccharides plus isoprimeverose in which all of the xylosyl residues of the polysaccharide were recovered (14) .
Amyloid xyloglucqn was purified by the procedure of Gaillard (9). This polysaccharide (2 g ) was dissolved in 300 ml of 2 M CaCl2 and centrifuged to remove precipitate. Fifty ml of 3% KI was added to the solution and the mixture was kept at 4°C for 2 h. The resulting precipitate was neutralized with 10% Na2S203 solution, and dialyzed against distilled H20. The [a]D value of the polysaccharide as purified was +71.0. This purified xyloglucan was kept in solution at a concentration of 0.5% (w/v) containing 0.02% NaN3.
Seeds of Pisum sativum L. var. Alaska were soaked (20 min) in 5% NaOCI, washed, allowed to imbibe water (8 h) , planted in moistened vermiculite, and grown in darkness at room temperature for 1 week. The apical 10 mm of the third internode (elongating region) was used as source of pea xyloglucan. The apices (50 g) were homogenized in buffer (pH 7.0) and wall material was subjected to sequential extraction with alcohol, buffer, EDTA, and alkali (13) . After extraction with 4% KOH-0.1% NaBH4, pea xyloglucan (100 mg) was solubilized with 24% KOH-0. 1% NaBH4.
Enzymic Hydrolysis. Pea xyloglucan (5 mg) was dissolved in 0.5 ml of 50 mM acetate buffer (pH 5.0) containing 0.02% NaN3 and incubated at 40°C with 0.4 mg ofStreptomyces endoglucanase. The reaction was terminated by heating the mixture in a boiling water bath for 5 min. The hydrolysates collected at intervals were fractionated on a Bio-Gel P-6 (-400 mesh) column (1.5 x 100 cm) at 60°C over a 4-d period in order to separate higher oligosaccharides ( 18) .
Partially hydrolyzed endoglucanase-treated pea xyloglucan was prepared for use in lectin-binding tests by incubation (50 mg) with Streptomyces endoglucanase (4 mg) at 40°C for 2 h and by fractionation on Bio-Gel P-2 column (1.5 x 100 cm). The eluates were collected in 1.5-ml fractions, and the void volume was collected as the residual endoglucanase-treated xyloglucan.
The oligosaccharide fragments formed by treatment of xyloglucan with endoglucanase were dissolved in 0. In order to extract xyloglucan from cell wall ghosts, 3.0 mg were sonicated with 1 ml of water, 4 M urea, DMSO, 10% KOH, or 24% KOH in a sonication bath (25 to 30°C, 2 h). The mixtures were centrifuged and the supernatant extract was collected. The precipitate was again sonicated with the same solvent and centrifuged, and the extracts were combined. Aliquots were taken for determination of xyloglucan content by the iodine-sodium sulfate method (22) . For extraction with H3P04, 3 .0 mg of cell wall ghosts were mixed with ice-cold 85% H3P04 at 4°C for 12 h. The mixture was then centrifuged and the supernatant was assayed. For extraction with DMSO/paraformaldehyde (19) , 3 .0 mg of cell wall ghosts and 5 mg of paraformaldehyde were suspended in 1 ml of DMSO and the mixture was heated with rapid stirring at 80°C for 1 h. The mixture was then centrifuged and the supernatant was assayed.
For enzymic hydrolysis of cell wall ghosts, 10.0 mg of ghosts were incubated with 0.2 mg of Streptomyces endoglucanase in 2 ml of 20 mm sodium acetate buffer (pH 5.0) at 40C for 72 or 144 h. The mixtures were centrifuged and the precipitates were washed twice with 1 ml of 0.1 N KOH by centrifugation. The treated ghosts were extracted with 2 ml of 24% KOH containing 2.5 mCi of NaBT4 (40 mCi/mmol) by stirring for 12 h in order to tritiate reducing ends and solubilize xyloglucan. This procedure was repeated twice. The combined supernatants (6 ml) were neutralized with 2 N acetic acid and the extract was treated with 4 volumes of ethanol and centrifuged. The precipitate was washed with two 2-ml portions of 70% ethanol and dissolved in 500 Mul of 0.1 N NaOH. The cellulose residue was washed twice with water after neutralization with acetic acid and dissolved in 72% H2SO4. Aliquots of the xyloglucan and cellulose solutions were assayed for radioactivity or for amount of polysaccharide by the phenol-sulfuric acid method (6) . Alkali extracts were further subjected to gel filtration on a column (1.0 x 100 cm) of Sepharose CL-6B and eluted with 0.1 N NaOH.
Microscopy. Cell wall ghosts suspended in water were dried on a arbon-coated mica plate and shadowed with Pt/C at an angle of 30°. Specimens were chosen using light microscopy and (6) , and reducing sugar was calculated as reducing power with glucose as standard (34) . Xyloglucan was determined by the iodine-sodium sulfate method (22) , and protein was measured according to Lowry et al. (28) . Optical rotation was determined with a Jasco Model DIP-140 digital polarimeter. Sedimentation analysis was done with a Beckman Model E (s/n 1249) analytical ultracentrifuge.
RESULTS
Extraction and Properties of Xyloglucan from Pea Cell Walls. Table I shows the content of total carbohydrate and xyloglucan measured with the phenol-sulfuric acid method (6) and iodinesodium sulfate method (22) in sequential fractions of pea tissue.
The results indicate that 92% of total xyloglucan was concentrated in the 24% KOH extract. On acid hydrolysis, polysaccharides of this fraction yielded glucose, xylose, galactose, fucose, (6) and xyloglucan was determined by the iodine-sodium sulfate method (22 The cellulose and xyloglucan complex (4% KOH-insoluble material) was incubated with Streptomyces endoglucanase (see "Materials and Methods") and the complex was then incubated with 24% KOH containing NaBT4 in order to extract remaining xyloglucan and to tritiate accessible reducing chain ends. The amounts ofpolysaccharide and the incorporation oftritium were determined in the extract and the residual cellulose (Table II) . The xyloglucan:cellulose weight ratio (0.7:1.0) in the original preparation was much reduced by the enzyme treatments (to 0.1:1.0) due to preferential hydrolysis and solubilization of the xyloglucan component. The xyloglucan that remained bound to the ghosts after treatment showed a major increase in number of tritiated chain ends. There was also a detectable increase in accessible chain ends of cellulose, but the numbers of new chain ends of xyloglucan were much more than those of cellulose. Evidently, the xyloglucan component ofthe xyloglucan:cellulose complex was much more accessible to enzymic hydrolysis than cellulose microfibrils.
Gel filtration of the bound xyloglucan before (Fig. IA) and after 72 h (Fig. 1 B) cellulose treatment confirmed that the average mol wt had been greatly reduced (about 330,000 to 70,000). The .ghosts before cellulase treatment had been extracted with 4% KOH-0. 1% NaBH4 which would reduce accessible chain ends. Hence, subsequent extraction with 24% KOH-0. 1% NaBT4 did not introduce any detectable new chain ends into the zero time sample (Fig. IA) . However, after enzyme treatment (Fig. 1B) , reducing chain ends in the residual bound xyloglucan were distributed throughout the mol wt profile, with more in the lower mol wt fractions, as expected. Clearly, xyloglucan remains susceptible to hydrolytic enzyme action even while tightly bound to cellulose. Characterization of Pea Xyloglucan. When isolated from the cell walls of pea epicotyls as the 24% KOH-extracted fraction (Table I) , the hemicellulose was homogeneous by ultracentrifugal analysis. The [a]D value was +46.0. In solution, it stained strongly with iodine with absorption maximum at 640 nm, a characteristic of xyloglucan (13) . The gas chromatographic pattern of the partially methylated alditol acetates from the polysaccharide was identical to that from soybean xyloglucan (13) .
After treatment of this wall component with Streptomyces endoglucanase, the degree of hydrolysis was determined by assaying for reducing groups (34) and iodine-staining residual xyloglucan (22) . Kinetics of the hydrolysis showed that reducing sugar continued to be produced at a linear rate for at least 48 h under the conditions used, while the xyloglucan-iodine complex disappeared by 3 h, i.e. typical of endohydrolysis. The gel filtration pattern (Bio-Gel P-6) of the hydrolysates (Fig. 2) (9--9) , 16 (9--7), 14 (7--7) , was confirmed by elution, exhaustive endoglucanase hydrolysis, and rechromatography on a Bio-Gel P-4 gel. (Fig. 2) . The degree of polymerization of the dimers was estimated by calibration with authentic xyloglucan-derived nonasaccharide and heptasaccharide from soybean and with laminarin. It was confirmed by measuring the ratio of sugar content to reducing sugar terminals. The dimer containing 16 saccharides was reduced with NaBT4 and digested with Streptomyces endoglucanase, and the hydrolysate was subjected to gel filtration on Bio-Gel P-4. The radioactivity of the hydrolysate was derived from heptasaccharide only, indicating that the structure of this dimer was nonasaccharide --heptasaccharide. Since the nonaand heptasaccharides accumulated in a molar ratio of l: I at all stages of hydrolysis, and the main dimer contained the two oligosaccharides (Fig. 2) , it appears that pea xyloglucan contains these units distributed at random, but primarily in alternating sequence.
When pea xyloglucan and its nonasaccharide and heptasaccharide were isolated and treated with Aspergillus glycosidases, the gel filtration patterns of these second hydrolysates (Fig. 3) indicated that each sample produced monosaccharides and a disaccharide. The latter was indistinguishable from authentic isoprimeverose (6-0-a-D-xylopyranosyl-D-glucopyranose) on paper chromatography with solvents A and B. All of the xylosyl residues of the polysaccharide and the oligosaccharides were recovered in the disaccharide, i.e. none was present in the monosaccharide peak which contained glucose, galactose, and fucose. Hydrolysis of pea xyloglucan with mild acid (0.01 N trifluoroacetic acid at 60'C for 30 h) completely removed fucose and a trace of xylose from the polysaccharide. The product, on complete acid hydrolysis, yielded only glucose, xylose, and galactose. This indicates that fucosyl residues are probably linked as acidlabile terminals, i.e. typical of a 1,2-linkages (32).
Xyloglucans which contain terminal a-L-fucosyl4l-2)-j3-Dgalactosyl residues as side chains (3, 5, 13, 21) would be expected to complex with a-L-fucose-binding lectins, e.g. from U. europeus (31), L. tetragonolobus (30) , and eel serum (35) , but not to lectins that are specific to terminal (8-galactose, e.g. from R. communis (37) , or a-D-glucose, e.g. from P. sativum (39) , or concanavalin A (11) . In Ouchterlony-style precipitation tests (Fig. 4) , pea xyloglucan clearly reacted strongly with all of the fucose-binding lectins but not those with other specificities. There was no detectable reaction, in particular, with galactose-binding lectins, indicating that pea xyloglucan galactose residues are essentially all fucosylated, unlike those in amyloid xyloglucan (23) .
Pea xyloglucan which was partially degraded (to 20,000 mol wt) by fungal endoglucanase treatment slightly reacted with fucose-binding lectin (Fig. 5A ) but, after mild acid treatment, it lost this property along with fucose and became reactive only with galactose-binding lectin (Fig. SB) . Amyloid xyloglucan, which contains no fucose, also reacted with galactose-binding lectin (38) (Fig. SB) . In quantitative precipitin tests, mild acidtreated pea xyloglucan yielded a precipitin curve with R. communis lectin which was virtually identical to that obtained with amyloid xyloglucan (data not shown). Evidently, mild acidtreated pea xyloglucan, like amyloid xyloglucan, contains terminal galactosyl residues with a ,B-linkage and had lost fucose as chemical data indicated. It is assumed that like soybean xyloglucan and amyloid xyloglucan, the galactose was attached to the 2-position of xylosyl residues by the #-linkage implied by R. communes lectin binding.
A summary of this analysis of pea xyloglucan structure is shown in Figure 6 .
Visualization of Xyloglucan:Cellulose Association. Extracted xyloglucan binds iodine to produce a distinctive green color (Xma = 640 nm) which is the basis for the iodine-sodium sulfate method for estimating this product. When xyloglucan remains firmly associated with cellulose, as in the 4% KOH-insoluble material of cell walls, addition of iodine results in an absorption spectrum which includes material adsorbing at 640 nm, but added to it is strong absorption between 500 and 600 nm due to iodine binding to the cellulose component. This could be stained with iodine and seen by light microscopy to contain recognizable cell shapes and files of cell walls. These cell wall ghosts were diffusely stained a green-brown color and little fine structure could be discerned.
Electron microscopy of shadowed preparations of the cell wall ghosts showed that the surface was indeed amorphous (Fig. 7A) . However, during sequential extraction with alkali (10 to 24% KOH), cellulose fibrils became increasingly evident (Fig. 7, B  and C Mild acid Table I . Radioautographs of the resulting ghosts (Fig. 8A) showed that silver grains were distributed over the entire ghost surface, with no discernable localization at the light microscope level. The fucose in these ghosts was present entirely in xyloglucan, i.e. on extraction with 24% KOH and gel filtration, the label distribution exactly paralleled the profile of iodine-reactive material (data not shown).
When a fluorescein-labeled lectin which specifically binds fu- (Table III) . This suggests that cellulose microfibrils in the ghosts were totally masked (saturated) with endogenous bound xyloglucan. On the other hand, CM-cellulose bound effectively to the cell wall ghosts, presumably because there was interaction with xyloglucan strands in the ghosts. Interaction between CM-cellulose and pea xyloglucan can also be observed viscometrically, i.e. the viscosity of solutions of mixtures is higher than the sum of viscosities of separate solutions of these materials. DISCUSSION Specific lectins were particularly useful in this study to confirm the fine structure of xyloglucan side groups (Figs. 4 and 5) and provide evidence for its distribution in the wall (Fig. 8B) . A lectin:xyloglucan:cellulose complex was visualizable in cell wall ghosts which extended over the whole wall surface, with particularly high concentrations between microfibrils on the inner wall surfaces and at junctions between cells in files.
The disposition of cellulose microfibrils in the primary walls of growing pea epicotyl cells appears to be identical whether matrix materials are removed by "scouring" with concentrated alkali (Fig. 7C) or by prolonged treatment with endo-1,4-glucanase (Fig. 8C) . In both cases, fibrils are oriented primarily in transverse directions on the inner surfaces of walls, and some change direction to travel in longitudinally oriented "ribs" on the outer surfaces. Cell wall ghosts containing only cellulose often remain attached in files, with the ribs in adjacent cells continuing in the same relative positions. In fact, rib microfibrils appear to extend across from cell to cell (Fig. 8, B and C) (29), which is not surprising in view of the fact that files of young cells are all formed by cell division from a single apical initial cell. It seems clear that wall matrix material, and xyloglucan in particular, was not required to maintain the shape and integrity of the basic fibrillar wall network.
Xyloglucan in cell wall ghosts, as visualized by electron microscopy (Fig. 7A), radioautography (Fig. 8A) , or fluorescence with a fucose-binding lectin (Fig. 8B) , was clearly present both on and between the cellulose microfibrils. It is presumably the interfibrillar component of xyloglucan which was free to bind to iodine and particularly accessible to hydrolysis by endoglucanase (Table II) . However, few of the individual xyloglucan molecules can have been completely free from any association with cellulose microfibrils because very little (1.7%) was extractable by homogenization in buffers (Table I) . These results, together with the fact that the alkali-insoluble pea xyloglucan:cellulose complex contains no detectable protein (26) or aromatic cross-links (8) , imply that xyloglucan is strongly bound to cellulose microfibrils by hydrogen bonds, as proposed by Albersheim (1) .
With an average mol wt of 330,000, pea xyloglucan molecules contain a backbone of about 1,100 contiguous 1,4-linked glucose units, which represents a maximum chain length of 550 nm. This is many times the diameter of cellulose microfibrils (7) and quite sufficient to cross-link adjacent fibrils by hydrogen bonding, even if some free sectors assumed a nonlinear configuration. Indeed, it is several times the thickness of the entire primary wall. The whole surface area of microfibrils appears to have been bound to xyloglucan, as proposed by Albersheim (1), because no further xyloglucan would bind to the isolated ghosts (Table III) . Thus, it seems legitimate to regard the complex of xyloglucan and cellulose in these walls as a naturally occurring multimolecular cross-linked structure in which microfibril surfaces are totally masked and saturated with xyloglucan.
It should be noted that the maximum amount of pea xyloglucan which bound to cellulose microfibrils when the two were added together in vitro was never more than 5 to 6% of the weight ofcellulose (Table III) . This represents a value comparable to the surface:volume ratio of microfibrils with diameters (35 to 40 A) such as those observed in primary walls (7) . The implication is that when microfibril surfaces became coated with xyloglucan in such reconstitution tests, no further xyloglucan could be adsorbed. In cell wall ghosts, in contrast, the weight ratio of xyloglucan:cellulose was approximtely 70% (Table II) , and much stronger alkali was required to remove it than the xyloglucan from reconstituted complexes (2, 5) . This indicates that the natural xyloglucan:cellulose complex was not fully reassembled merely by combining the two polysaccharides in vitro. Presumably there are controls in vivo over the deposition of xyloglucan in relation to cellulose that were not duplicated in vitro.
These observations support proposals (1) that xyloglucan in primary walls could be a major component that contributes to wall rigidity. It is highly susceptible to hydrolysis by endoglucanase and such enzymes are known to be regulated by growth hormones in many plants. In pea stems, two endo-j3-1,4-glucanases are induced by auxin treatment (40) and one ofthese (bufferinsoluble) is localized on the inner wall surface (4) where xyloglucan appears to be particularly concentrated. The implication is that xyloglucan is the more "natural" substrate for endogenous plant "cellulases," a possibility that is examined in Part II of this study.
